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Abstract. Understanding tree recruitment dynamics in various growth environments is essential for a
better assessment of tree species’ adaptive capacity to climate change. We investigated the microsite factors
inﬂuencing survival, growth, and foliar nutrition of natural and planted sugar maple seedlings (Acer sac-
charum) along a gradient of tree species that reﬂect the change in composition from temperate hardwoods
to boreal forests of eastern Canada. We speciﬁcally tested whether the increasing abundance of conifers in
the forest and its modiﬁcations on soil properties negatively affects foliar nutrition of natural seedlings as
well as the survival and growth of seedlings planted directly in the natural soil and in pots ﬁlled with
enriched soil. Results of natural seedlings indicate that under conifer-dominated stands, lower soil pH,
accelerated dissolution of some minerals, lower temperature and moisture, and higher levels of phenolic
compounds have created microsites that are less suitable for sugar maple foliar nutrition and regeneration.
These conditions were omnipresent under hemlock. The growth of seedlings planted in the natural soil
was negatively impacted by the overall low soil quality under all forest types (as compared to seedlings
planted in pots with enriched soil). However, survival and growth of the seedlings were not negatively
affected by conifers, regardless of planting type, likely because of stored nutrients from the nursery. Also,
lower survival was found under maple–birch stands for seedlings planted both in the natural soil and in
pots with enriched soil due to higher shading. This study has identiﬁed key microsite factors created by
speciﬁc conifers that may impede or beneﬁt the potential of sugar maple to maintain its current range or
expand its range northward under climate change.
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INTRODUCTION
Temperate tree species at their northern range
are faced with a rapidly changing climate that
could provide opportunities for expanding their
range northward (Parmesan and Yohe 2003,
Rosenzweig et al. 2008, St. Clair et al. 2008, Chen
et al. 2011). The shifts in tree species distributions
are expected to be particularly large for popula-
tions at the limits of their distribution ranges
(Iverson et al. 2004). The distribution of plant spe-
cies is mainly determined by climatic factors, soil
properties, light availability, and biotic interac-
tions (e.g., browsing, pathogens, invading weeds),
which, in combination, constrain the survival and
development of the populations (Whittaker 1970,
Woodward 1987, Gaston 2009). While many stud-
ies observed slower shifts in plant species distri-
bution than climate change itself (Parmesan and
Yohe 2003, Loarie et al. 2009, Chen et al. 2011,
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Zhu et al. 2012), an increasing number of studies
suggest that non-climatic factors such as soil
properties and biotic interactions are slowing
down the migration ability of plant species
(McMahon et al. 2011, Brown and Vellend 2014,
Graignic et al. 2014, Collin et al. 2017).
Tree recruitment dynamics within new growth
environments, including seed germination and
seedling survival and adaptation to growth, are
poorly understood. Yet, this seems essential for a
better assessment of tree species recruitment and
sustainability in environments receiving new spe-
cies in the context of climate change (Gaston 2009,
Cleavitt et al. 2014). Over centuries, resident envi-
ronments have developed into complex biochemi-
cal systems that may not always be welcoming to
migrating species in terms of their establishment,
survival, nutrition, and growth. Positive feed-
backs in plant communities (Wilson and Agnew
1992) imply that certain species have created con-
ditions in the resident environment to their bene-
ﬁt and to the disadvantage of migrating plant
species. Those conditions can be as varied as
acidic soil conditions, low water status, limited
soil nutrient and light availability, allelopathic
toxin production, and microbe–plant associations
that can be harmful to other plants (Binkley and
Giardina 1998). For example, in the pygmy forest
of northern California, the high levels of polyphe-
nolics in Pinus muricata litter control the dominant
form in which nitrogen is mobilized, favoring its
recovery through pine-mycorrhizal associations
and minimizing its availability to competitors
(Northup et al. 1995). Some tree species are also
more prone to speciﬁc ﬁre regimes, which can be
a disadvantage for other tree species (Wirth 2005).
This was observed in Siberian forests growing
on sandy soils with intermediate water and
nutrient availability, where the presence of ﬁre-
resistant Pinus sylvestris favors recurring surface
ﬁres that lead to the exclusion of non-resistant
Betula species (Furyaev et al. 2001). Conversely,
some plant species have developed strategies to
augment soil nutrient availability and uptake,
which likely gives them an advantage over other
species. For example, some tree species have the
capacity to access deep mineral soil sources to sat-
isfy nutrient demand (Blum et al. 2002, Dijkstra
and Smits 2002, Jobbagy and Jackson 2004). An
example of this capacity was observed in temper-
ate forests of northeastern America where sugar
maple trees (Acer saccharum Marsh., hereafter
referred to as “maple”) maintain a higher density
of ﬁne roots deep in the mineral soil (to 60 cm
depth) as a means to sustain their high Ca
demand (Dijkstra and Smits 2002). In other cases,
some tree species may even release large amounts
of organic acid exudates from their roots and dis-
solved CO2 (to form H2CO3), thus promoting soil
mineral weathering and the release of Ca, Mg, K,
and P from the crystal lattices of minerals. This
latter process is inﬂuenced by species composition
(mostly conifers and late-successional species;
Quideau et al. 1996, Augusto et al. 2000), colo-
nization of their roots by mycorrhizal fungi (Hof-
ﬂand et al. 2004), fast growth (Belanger et al.
2004), and soil mineralogy (Laﬂeur et al. 2013).
Interactions and feedback cycles between spe-
cies and site conditions may explain the actual
failure of most models to simulate species migra-
tion rates as they are most often only calibrated to
regional climates (Clark et al. 2014). Understand-
ing the effects of resident soils (Laﬂeur et al. 2010)
and resident species (Ettinger and HilleRisLam-
bers 2013) thus seems crucial to consider interac-
tion and feedback cycles for the prediction of
plant species redistribution under climate change.
Maple is of particular interest given the current
challenge facing its recruitment and sustainability
at both its northern and southern limits in eastern
North America. It is proposed that the acidic soil
conditions associated with the conifer-dominated
boreal forest will limit the northward migration of
maple under climate change (Graignic et al.
2014). The growth and survivorship of maple are
particularly sensitive to acidic and nutrient-poor
soils (St. Clair et al. 2008). Many of the declining
maple stands in eastern North America have been
related to soil acidiﬁcation and base cation imbal-
ances caused by acid rain, subsequently leading
to foliar Ca and Mg deﬁciencies and crown
decline (Duchesne et al. 2002, Kobe et al. 2002,
Juice et al. 2006, Long et al. 2009). Hence, acidic
and nutrient-poor soils with thick forest ﬂoors
(characterized by low Nmineralization rates) gen-
erally found in the boreal forest of the Precam-
brian Shield (Moore et al. 1999, Trofymow et al.
2002) may negatively affect early stages of maple
seedling establishment, thus limiting its migration
potential into the boreal forest. The negative effect
of coniferous canopies on foliar nutrient status
(mostly Ca and Mg) of maple seedlings was
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demonstrated at various latitudes in Quebec (Col-
lin et al. 2017).
The objectives of this study were to test
whether the survival, growth, and foliar nutri-
tion of natural and planted maple seedlings are
negatively affected by the soil conditions created
by coniferous stands. More speciﬁcally, we
hypothesized that (1) natural maple seedlings
under coniferous stands will have decreased
foliar nutrition (i.e., N, P, K, Ca, and Mg foliar
levels) compared to hardwoods, (2) seedlings
planted in the natural soil under coniferous
stands will have lower survival and growth rates
(mostly due to reduced soil quality) compared to
hardwoods, and (3) seedlings planted in pots
ﬁlled with enriched soil will show similar
survival and growth rates between forest types.
MATERIALS AND METHODS
Study site
The study site is located at the Station de biologie
des Laurentides (SBL) of the Universite de Montreal in
St. Hippolyte, Quebec (45°590 N; 74°000 W), 80 km
north of Montreal. Thirty-year average precipita-
tion at SBL is 1100 mm, with 30% falling as snow.
Mean annual temperature is 3.6°C. The SBL is
found at the transition with the boreal forest,
within the northern limit of the maple–yellow
birch (Betula alleghaniensis Britton) bioclimatic
domain of the lower Laurentians (Saucier et al.
2009). Due to its geographic position and history of
frequent ﬁres, the area has developed into a mosaic
of tree species. Maple is found concomitantly with
red maple (Acer rubrum L.), yellow birch, poplars
(Populus spp. L.), balsam ﬁr (Abies balsamea (L.)
Mill.), white spruce (Picea glauca Moench), and
northern white cedar (Thuja occidentalis L.). It was
therefore possible to ﬁnd a gradient of forest tree
species that reﬂect the change in composition from
the southern hardwood to the northern boreal for-
est of Quebec, which included plots with no maple
regeneration under conifer-dominated stands. The
soils are Orthic Humo-Ferric Podzols with a sandy
loam texture (Soil Classiﬁcation Working Group
1998). The forest ﬂoor is a moder humus form of
5–10 cm. The soils were developed from rocky gla-
cial till derived in part from the underlying
anorthosite pluton of the Morin series (Doig 1991),
but due to the small size of the pluton, they have a
mineral composition that also reﬂects the mixture
of more felsic rocks (e.g., charnockite, mangerite,
syenite) in the surroundings of the anorthosite
which were mixed by continental ice sheets during
the Pleistocene (Belanger et al. 2012).
Experimental design
Four plots (50 9 50 m) of each of these ﬁve
forest canopies were delineated: (1) hardwood
stands of maple and birch spp., (2) mixed hard-
wood–conifer stands with a higher dominance of
hardwoods, (3) mixed hardwood–conifer stands
with a higher dominance of conifers, (4) conifer-
dominated stands with maple seedlings, and (5)
conifer-dominated stands with at least one maple
tree present but with no maple regeneration (5
species composition 9 4 repetitions = 20 plots).
Basal area of each plot was measured for each
tree species present on stems ≥9 cm in diameter
at breast height so that the percent contribu-
tions of all species to total basal area of the plot
could be calculated individually (see Table 1).
The percent contributions of hardwoods and
conifers to total basal area were also computed
individually. Environmental data such as eleva-
tion, slope, and exposure were noted to charac-
terize each plot.
Planting experiment (survival and growth)
A planting experiment was conducted in the
plots with the speciﬁc goal of identifying the fac-
tors explaining maple regeneration failure under
conifer-dominated stands. Two-year-old bare root
maple seedlings (Ministere des For^ets, de la Faune et
des Parcs tree nursery, Berthier, Quebec, Canada)
varying in size from 25 to 45 cm were planted in
each plot. Two types of planting were made to iso-
late the effects of soil chemistry from other effects
on seedling survival. First, ﬁve seedlings were
directly planted in the natural soil using a planting
shovel. Second, three seedlings were planted into
4-L pots ﬁlled with a mix (1:3 ratio) of local mineral
soil and a premium potting mix (PRO-MIX; Riv-
iere-du-Loup, Quebec, Canada) containing peat,
perlite, limestone, and the MicoActive organic
growth enhancer (i.e., vesicular–arbuscular mycor-
rhizae). The soil mixture was also fertilized twice
during the growing season with a fertilizer for trees
(N: 8%, P2O5: 2%, K2O: 2%, Mg: 1.5%, Ca: 8%, S:
5%, Fe: 0.3%; McInnes Natural Fertilizers, Stan-
stead, Quebec, Canada), thus providing the nutri-
ents required for maple seedling growth. To ensure
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that the seedlings in the pots were growing under
the same light conditions as the seedlings planted
in the natural soil, pots were completely buried in
the ground so that all seedlings were growing at
the same level. In total, 160 maple seedlings were
planted, that is, 100 in natural soil and 60 in pots.
All seedlings were marked with numbered ﬂags
and were left to grow for two full growing seasons
(May 2013 to September 2014). Total height was
recorded at planting on all seedlings and at ﬁnal
sampling in September 2014 only on the seedlings
that survived. Seedlings were visually inspected
ﬁve times during the experiment for browsing and
leaf pathogens. Survival and total height were also
monitored during each of these visits.
Foliage of natural seedlings
In each plot, maple leaves were sampled in
early August of 2013 from ﬁve naturally growing
seedlings (varying in size from 18 to 40 cm) after
recording their morphology (i.e., total height and
diameter at the ground level). Upon arrival in the
laboratory, the leaves were weighed and surface
area was measured using the WinFOLIA soft-
ware (Regent Instruments, Quebec City, Quebec,
Canada). WinFOLIA was also used to compute a
proxy for herbivory. The software allows calcu-
lating the surface of holes that were created by
herbivores relative to the total leaf area; that is,
the damaged areas were reported as a percentage
of the total leaf area. This was further used as a
percentage of minimum observed herbivory for
comparison between forest types. Leaves were
also visually inspected for leaf pathogens before
being further processed in the laboratory. Leaf
samples were then oven-dried for 72 h at 65°C,
weighed, and ﬁnely ground using a planetary
ball mill (Vibratory Micro Mill Pulverisette 0;
Fritsch GmbH, Idar-Oberstein, Germany). Leaf
subsamples were then analyzed for C, N, P, K,
Ca, and Mg levels (Collin et al. 2017).
Light availability
Three hemispherical photographs were taken
in all sample plots and at different places in July
2014 at 1 m aboveground to characterize the light
environment in each sampling area. We used a
Fujiﬁlm FinePix S 4600 digital camera (Fujiﬁlm
Corporation, Tokyo, Japan) that was equipped
with a hemispherical Fisheye Converter FC-E8
lens, which was itself mounted on a Fotodiox lens
mount adapter (Nikon to Canon EOS). In total, 60
pictures were taken and analyzed with the Gap
Light Analyzer (GLA) v2.0 software (Frazer et al.
2000). The GLA software computes the percent-
age of canopy openness and the effective leaf area
index by separating the pixels of the hemispheri-
cal pictures into sky and non-sky classes. Based
on the canopy openness and environmental data
respective to each plot (i.e., geographic location,
Table 1. Total basal area of the various forest types studied and individual contributions by species.
Basal area SMBi MH MC C C-nr
Total basal area (m2/ha) 37 ab 31.5 b 28.25 b 50 a 53.33 a
Individual contribution to basal area by species (%)
Acer saccharum 69 24.75 3.25 1.75 0
Acer rubrum 0 9.75 15.25 3.5 6.67
Betula papyrifera 2.25 40 25.75 24.75 16.67
Betula alleghaniensis 22.5 0 0 0 0
Fagus grandifolia 4 2.5 1.25 0 0
Populus grandidentata 0 13.5 3.5 0 0
Abies balsamea 2.25 9.5 28 12.5 20.67
Pinus strobus 0 0 14 16.5 0
Picea sp 0 0 3.5 15.25 0
Thuja occidentalis 0 0 5.5 13.25 20.33
Tsuga canadensis 0 0 0 12.5 35.67
Contribution to basal area by general taxa (%)
Hardwoods 97.75 90.5 49 30 23.34
Conifers 2.25 9.5 51 70 76.67
Notes: Different letters indicate a statistically signiﬁcant difference for total basal area at P < 0.05. Percent contributions by indi-
vidual species were not tested. SMBi is maple–birch stands, MH is mixed hardwood–conifer stands with dominance of hardwoods,
MC is mixed hardwood–conifer stands with dominance of conifers, C is conifer-dominated stands, and nr is no maple regeneration.
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elevation, slope, exposure, growing-season length,
sky-region brightness, and seasonal patterns of
cloudiness), the software further runs a solar radi-
ation model to simulate the total above- and
below-canopy solar radiation on a daily basis
over the course of the growing season.
Soil properties
Soil volumetric water content (VWC) was moni-
tored in both natural and artiﬁcial (pots) soils dur-
ing the 2013 growing season (i.e., monthly
between May and September, ﬁve measurements
per soil type per plot) at a depth of 7.5 cm using a
FieldScout TDR 300 Soil Moisture Meter (Spectrum
Technologies Inc., Aurora, Illinois, USA). Soil tem-
perature was recorded for a full year (i.e., May
2013 to May 2014) using temperature data loggers
(Thermochron iButtons, model DS1921G; Maxim
Integrated Products Inc., Sunnyvale, California,
USA). A total of 40 temperature data loggers were
distributed among the plots (i.e., one in the soil
and one in a pot), buried at a depth of 10 cm, and
set to record data every six hours. At the end of
one year, loggers were retrieved to extract the data.
Soil samples of forest ﬂoor (Oe–Oa) and upper
B horizons were also collected during the 2013
growing season at ﬁve different locations within
each plot. Upon arrival in the laboratory within
12 h, the samples were air-dried before sieving
with a 2-mm mesh to remove any coarse frag-
ments. Ground subsamples of both horizons
were then analyzed for pH and organic C and
total N levels (Collin et al. 2017). Particle size
distribution was also analyzed on B horizon sam-
ples (≤2 mm), but due to the high organic matter
levels of some samples, subsamples were treated
by loss on ignition (850°C) before analysis.
Ion-exchange resin (i.e., Plant Roots Simulator
[or PRS] probes [Western Ag Innovations, Saska-
toon, Saskatchewan, Canada]) were used to assess
the soil solution ionic activity (notably NO3
-N,
NH4
+-N, H2PO4
-P, Ca2+, Mg2+, K+, Al3+, Fe3+, and
Mn2+). Within each plot, three pairs of cation and
anion probes were randomly inserted vertically
under the Oe–Oa horizons at a depth of 10 cm in
early June of 2013. Care was taken to insert the
probes with as little disturbance as possible.
Probes were ﬁnally collected 8 weeks later. The
PRS probes is an improved method compared to
conventional extractions of soils sampled at a par-
ticular point in time as they allow for a dynamic
measurement of ions ﬂowing through the soil
over time. Results of the PRS probes are highly
correlated with conventional methods such as
Mehlich III extraction (Collin et al. 2017) and are
now being frequently used for forest ecology
research (Hangs et al. 2004, Moukoumi et al.
2012, Bilodeau-Gauthier et al. 2013). Handlings of
the probes in the laboratory after they were
extracted from the ﬁeld as well as analytical pro-
tocols are described in Collin et al. (2017).
Free phenols were monitored by placing three
polyester N-free bags (50 lm porosity; ANKOM
Technology, Macedon, New York, USA) per plot.
The bags were ﬁlled with 1 g dry weight of
XAD-7 resin (Rohm and Hass, Philadelphia, Penn-
sylvania, USA) and were placed under the Oe–Oa
horizons. They were allowed to remain in the ﬁeld
for a 2-month period (July and August 2013).
Upon collection, resin bags were returned to the
laboratory where they were frozen at 20°C until
analysis. Total phenols in resin bags were ana-
lyzed following a sequential extraction with water
followed by 50% aqueous methanol (Morse et al.
2000). Each capsule was placed in a polypropylene
centrifuge tube with 30 mL of distilled water and
shaken for 30 min. The aqueous fraction was later
decanted into a glass vial and frozen at 20°C
until analysis. The resin was then immersed in
10 mL of 50% aqueous methanol and shaken for
30 min. Extracts were decanted into clean glass
vials and the process repeated two additional
times to create a total extraction volume of 30 mL.
The methanol extracts were stored at 20°C until
analysis. Total phenol analysis was performed
using the modiﬁed Prussian blue technique to give
greater color stability (Graham 1992). Total phenol
content was measured against appropriate pheno-
lic standards (0.001 mol/L gallic acid) at 700 nm
with the Hitachi spectrophotometer.
Indices of soil mineral weathering
The sequential chemical leaching procedure
proposed by Laﬂeur et al. (2013) was performed
on podzolic B horizons sampled in each plot (ﬁve
per plot) as a means to determine the levels of
exchangeable (i.e., adsorbed on exchange surfaces)
and non-exchangeable (i.e., within the crystal
lattice of minerals) base cations. This approach can
also be used to selectively dissolve minerals and,
in turn, determine assemblages of minerals in the
soil when a more complete chemical analysis of
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the leaches is performed, for example, total P
(Belanger et al. 2012). Speciﬁcally, organic matter
was ﬁrst removed from the soil by loss on ignition.
Three grams of that soil was thoroughly washed
several times with nanopure water to remove the
excess ash which can contain high amounts of
nutrients, notably base cations. Exchangeable
cations adsorbed onto the soil exchange complex
were then extracted with 30 mL of 1 mol/L NH4Cl
solution for 2 h on an end-over-end shaker. The
intermediate step consisted in a leach performed
for 2 h on the end-over-end shaker with 30 mL of
0.1 mol/L HCl. The 0.1 mol/L HCl leach attacks
the most easily weathered minerals, thus releasing
nutrients from minerals such as free calcite and
epidote and some apatite (Drouet et al. 2005,
Nezat et al. 2007). The ﬁnal leach was performed
again for 2 h on the same shaker with 1 mol/L
HNO3. The 1 mol/L HNO3 leach attacks more
resistant minerals, thus releasing nutrients from
minerals such as apatite, biotite, hornblende, and
some K-feldspars (Nezat et al. 2007, Belanger and
Holmden 2010). Each extract/leach was ﬁltered
and stored in the fridge until analysis. The extracts
and leaches were analyzed for Ca, Mg, and Na
concentrations by atomic absorption/emission
spectroscopy (model AA-1475, Varian, Palo Alta,
California, USA) and P concentration by colorime-
try (molybdenum blue) using a Technicon Auto-
Analyzer (Technicon Instruments Corporation,
Tarrytown, New York, USA). The results were
used to assess base cation levels within the crystal
lattice of assemblages of minerals (operationally
deﬁned as susceptible vs. less susceptible to
weathering).
Statistical analyses
Data were analyzed using the statistical soft-
ware package R version 3.0.0 (R Core Develop-
ment Team 2013). Descriptive statistics were
used to characterize each forest type, to compute
correlation and linear regression coefﬁcients of
determination between foliar and soil variables,
and to compare foliar and soil variables between
forest types. Linear mixed-effect models were
used in an attempt to consider the blocking struc-
ture of the experimental design (with plots being
included as random factors) in order to test for
the signiﬁcance of differences of measured vari-
ables (foliar, soil, etc.) between forest types (the
gradient of the ﬁve forest canopies being
included as a ﬁxed factor). When testing for the
signiﬁcance of differences of survival and growth
for planted seedlings and foliar nutrition of natu-
ral seedlings between forest types, original
height differences were included as co-variables
in the mixed models. This was followed by
means separations using Tukey’s honest signiﬁ-
cant difference (HSD) tests. Normality of residu-
als was veriﬁed prior to analysis, and data were
transformed when necessary. Analyses were
developed using the lme function in the nlme
package (Pinheiro et al. 2014), and Tukey’s HSD
tests were performed using the glht function in
the multcomp package (Hothorn et al. 2008).
Linear discriminant analysis (LDA) was used
to conﬁrm that forest types have different soil
properties. For doing so, the multivariate homo-
geneity of variances within groups was ﬁrst
tested using the betadisper function available in
the vegan library (Oksanen et al. 2013). The LDA
was then performed on normalized data with the
lda function from the MASS package and using
forest type as a grouping factor. In order to test
whether all observations were correctly classiﬁed
among forest types, a posteriori analysis of cor-
rect classiﬁcation was done using the predict
function available in the vegan library.
Redundancy analysis followed by variation par-
titioning was used to explain the variation in foliar
nutrients by explanatory variables (e.g., soil chem-
istry and particle size distribution, canopy open-
ness, tree basal area) and quantify their individual
contributions to the total explained variation.
Analyses were respectively used on normalized
data with the rda and varpart functions, both avail-
able in the vegan package. Prior to these analyses,
testing of multi-collinearity within the matrices
(using calculation of variance inﬂation factors)
and a forward selection of explanatory variables
had been performed using the forward.sel function
in the packfor package (Dray et al. 2013).
To explore the determinant of survival and
growth rates, a regression tree analysis was used
with environmental variables as predictors for
classifying the presence/absence of seedlings
planted in the natural soil at the end of the experi-
ment. This method is more appropriate than linear
regressions as it allows to detect for interactions
and nonlinearities when numerous predictors are
present. Analysis was performed using the ctree
function of the party package (Strobl et al. 2009).
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All coefﬁcients of determination (R2) that were
obtained from the aforementioned analyses, and
which were reported in this study as a means of
explaining variation in the data set, are the
adjusted R2 values, hereafter denoted as R2a. The
R2a is the unbiased form of the coefﬁcient that
takes into account the number of input variables
in the model. It is required when performing
variation partitioning (Peres-Neto et al. 2006).
When not provided directly by the analysis or
function, R2a was calculated with the RsquareAdj
function in the vegan package.
RESULTS
Stand characteristics and soil properties
Basal area of conifer-dominated stands was sig-
niﬁcantly higher than that of mixed hardwood–
conifer stands (Table 1). For variables computed
using the GLA software, canopy openness was
the only one found to be signiﬁcantly different
between forest types, maple–birch stands having
signiﬁcantly lower canopy openness than mixed
hardwood–conifer and conifer-dominated stands
without maple seedling regeneration (Table 2).
Light availability also tended to be lower under
maple–birch stands than under other forest types,
but this was not statistically signiﬁcant.
Linear discriminant analysis showed a clear
partitioning of soil properties between hardwood
stands, including mixed hardwood–conifer stands
dominated by hardwoods, and conifer-dominated
stands, including mixed hardwood–conifer stands
dominated by conifers (Fig. 1). Both types of
mixed hardwood–conifer stands tended, however,
to separate from either hardwood- or conifer-
dominated stands along the second axis. Also, a
posteriori analysis indicated 100% of correct clas-
siﬁcation for each measurement to the designed
class of forest types. The discrimination appears
to be mainly driven by soil temperature, VWC,
phenols, and soil solution Ca and Mg activities.
Average forest ﬂoor pH values ranged from
4.03 to 4.47, with conifer-dominated and mixed
hardwood–conifer stands dominated by conifers
being the most acidic, followed by mixed hard-
wood–conifer stands dominated by hardwoods
Table 2. Canopy openness, effective leaf area index
(LAI), and light availability in the various forest types
studied.
Forest
type
Canopy
openness (%) LAI
Light
transmitted
(molm2d1)
SMBi 23.76 (1.74) b 1.93 (0.11) 10.59 (0.87)
MH 30.93 (3.12) a 1.57 (0.18) 13.99 (1.96)
MC 30.60 (1.88) a 1.60 (0.14) 12.27 (0.97)
C 28.67 (1.90) ab 1.65 (0.11) 11.95 (0.90)
C-nr 32.90 (1.45) b 1.53 (0.06) 13.86 (0.69)
Notes: Means are presented with standard errors. Different
letters indicate a statistically signiﬁcant difference at P < 0.05.
The effective LAI was integrated over the zenith angles 0–60°
from the hemispherical pictures (see Stenberg et al. 1994).
SMBi is maple–birch stands, MH is mixed hardwood–conifer
stands with dominance of hardwoods, MC is mixed hard-
wood–conifer stands with dominance of conifers, C is conifer-
dominated stands, and nr is no maple regeneration.
Fig. 1. Linear discriminant analysis of soil chemical
properties (i.e., pH, soil solution ionic activity, and
phenolic compounds), temperature, and volumetric
water content (VWC) by forest type. Gray ellipses indi-
cate conifer-dominated stands. The ellipses surround
95% of the theoretical inner-group dispersion. A poste-
riori analysis indicated 100% of correct classiﬁcation
for each measurement to the designed class of forest
types. SMBi is maple–birch stands, MH is mixed hard-
wood–conifer stands with dominance of hardwoods,
MC is mixed hardwood–conifer stands with domi-
nance of conifers, C is conifer-dominated stands, and
nr is no maple regeneration.
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and maple–birch stands (Table 3). pH values in
the B horizons ranged from 4.55 to 5.16 and the
trend in acidity with conifers was not as apparent,
although conifer-dominated stands without maple
seedling regeneration were signiﬁcantly more
acidic than all other forest types. Top soil VWC
and temperature signiﬁcantly decreased from
hardwoods to conifer-dominated stands (Table 3).
Particle size distributions of the B horizons were
quite homogeneous across forest types (Table 3).
They were characterized by low clay contents
(2.20–3.92%), with silt and sand averaging 40%
and 57%, respectively. Conifer-dominated stands
with no maple seedling regeneration had slightly
higher silt and clay and lower sand contents than
other forest types.
Soil solution ionic activities differed substantially
between forest types (Table 4) and were related to
forest ﬂoor VWC (R2a = 0.32, P < 0.001, n = 100,
multivariate relationship) and pH (R2a = 0.26,
P < 0.001, n = 100, multivariate relationship). Soil
solution NO3
 and NH4
+ (hereafter referred to as
N), Ca, Mg, and Al activities were higher in
maple–birch stands than in mixed hardwood–
conifer and conifer-dominated stands.
Soils of conifer-dominated stands without
maple seedling regeneration had signiﬁcantly
higher levels of phenols compared to other hard-
wood-dominated stands (Fig. 2). Conifer-domi-
nated stands with maple seedling regeneration,
including mixed hardwood–conifer stands domi-
nated by conifers, showed intermediate levels of
phenols in the soil and were signiﬁcantly higher
than maple–birch stands.
Calcium and P levels in the 0.1 mol/L HCl lea-
chates (B horizons) showed a general decrease
Table 3. Physical and chemical properties of the forest ﬂoors and upper B horizons in the various forest types
studied.
Forest type pH VWC (%) Temperature (°C) Clay (%) Silt (%) Sand (%)
Oe–Oa horizons
SMBi 4.47 (0.10) ab 20.32 (1.20) a 7.15 (0.12) ab
MH 4.26 (0.09) abc 16.18 (1.30) ab 7.14 (0.10) ab
MC 4.12 (0.08) c 12.30 (1.10) bc 6.66 (0.16) abc
C 4.03 (0.07) c 13.80 (0.39) bc 6.69 (0.12) bc
C-nr 4.11 (0.12) bc 11.03 (0.58) c 6.63 (0.06) c
Upper B horizon
SMBi 4.98 (0.10) a 2.20 (0.41) 38.44 (1.60) 59.37 (1.96)
MH 5.05 (0.08) a 2.93 (0.34) 41.06 (2.21) 56.01 (2.51)
MC 5.16 (0.12) a 2.80 (0.35) 33.55 (3.41) 63.66 (3.75)
C 4.90 (0.17) a 2.21 (0.44) 35.37 (1.67) 62.43 (2.07)
C-nr 4.55 (0.20) b 3.92 (0.14) 48.16 (2.49) 47.91 (2.55)
Notes: VWC is volumetric water content. Means are presented with standard errors. Different letters indicate a statistically
signiﬁcant difference at P < 0.05. SMBi is maple–birch stands, MH is mixed hardwood–conifer stands with dominance of hard-
woods, MC is mixed hardwood–conifer stands with dominance of conifers, C is conifer-dominated stands, and nr is no maple
regeneration.
Table 4. Soil solution ionic activities in the various forest types studied as recorded by the plant roots simulator
probes.
Forest
type
Soil solution ionic activities (lg10 cm12 month1)
N† P K Ca Mg Al Mn Fe
SMBi 58.7 (35.8) a 1.85 (0.70) 72.7 (11.3) 787 (38.4) a 147 (9.01) a 97.3 (27.6) a 13.1 (4.75) 7.07 (1.47) a
MH 6.00 (1.04) b 1.93 (0.69) 72.0 (7.83) 591 (100) b 115 (20.6) ab 38.7 (3.73) b 5.83 (1.51) 6.55 (0.93) a
MC 3.50 (0.43) b 1.15 (0.30) 84.0 (7.41) 389 (22.7) d 84.0 (17.2) b 31.5 (4.21) b 7.13 (2.38) 5.13 (1.09) ab
C 3.67 (0.40) b 3.77 (2.25) 63.7 (15.9) 720 (100) ab 121 (16.0) ab 39.2 (4.83) b 8.27 (1.60) 6.52 (1.36) a
C-nr 4.00 (0.51) b 1.78 (0.29) 72.0 (0.29) 569 (62.3) bc 104 (18.5) b 36.5 (3.68) b 11.3 (5.33) 3.15 (0.50) b
Notes: Means are presented with standard errors. Different letters indicate a statistically signiﬁcant difference at P < 0.05.
SMBi is maple–birch stands, MH is mixed hardwood–conifer stands with dominance of hardwoods, MC is mixed hardwood–
conifer stands with dominance of conifers, C is conifer-dominated stands, and nr is no maple regeneration.
† Including NO3
 and NH4
+.
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with decreasing forest ﬂoor pH and increasing
proportion of conifers in the following order:
maple–birch stands ≥ mixed hardwood–conifer
stands ≥ conifer-dominated stands (Fig. 3A, B).
Signiﬁcantly higher Ca and P levels were found
in the higher pH soils of maple–birch stands
compared to the more acidic soils of conifer-
dominated stands, including mixed hardwood–
conifer stands dominated by conifers in the case
of P. The mean molar Ca/P ratios in the various
forest types were above 4 (Fig. 3C). The mean
ratios were similar between most forest types
(4–7), except for mixed hardwood–conifer stands
dominated by conifers which had a mean
molar Ca/P ratio of 11 but a large standard
error (Fig. 3C).
Survival and growth (planted seedlings)
After 456 d, 101 out of 160 planted seedlings
had survived (63%). Maple seedlings that were
planted in pots with enriched soil had a
signiﬁcantly lower survival under maple–birch
stands than those under both types of mixed
hardwood–conifer stands (Table 5). Compar-
isons in height growth indicate that maple seed-
lings planted in pots with enriched soil grew at a
signiﬁcantly higher rate than seedlings planted
in the natural soil. However, no signiﬁcant differ-
ence was found in height growth between forest
types, whether they were planted in the natural
soil or in the pots with enriched soil (Table 5).
No pathogen was visually detected on the leaves
of any of the seedlings. Results of the regression
tree analysis suggested that survival was ﬁrst
best partitioned into two groups using soil solu-
tion N activity (threshold at 6 lg N per 10 cm,
P < 0.05; Appendix S1: Fig. S1). Survival in the
ﬁrst group (under 6 lg N per 10 cm) was further
separated by tree basal area, leading to higher
probability of mortality above 40 m2/ha
(P < 0.01). This corresponds to conifer-domi-
nated stands. Survival in the second group
(above 6 lg N per 10 cm) was further separated
by soil temperature during the growing season,
leading to higher probability of mortality above
7.14°C (P < 0.01). This corresponds to maple–
birch stands.
Foliar nutrients and herbivory (natural seedlings)
Foliar nutrient levels of naturally regenerated
maple seedlings varied signiﬁcantly between for-
est types (Table 6). Seedlings under hardwood
and mixed hardwood–conifer stands dominated
by conifers had higher foliar Ca and Mg levels
than under conifer-dominated stands. Foliar N
levels were signiﬁcantly higher in mixed hard-
wood–conifer stands dominated by conifers than
in those dominated by hardwoods. Similarly,
seedlings under mixed hardwood–conifer stands
dominated by conifers had signiﬁcantly higher
foliar P levels than in any other forest type stud-
ied. Leaf scans used in an attempt to characterize
the intensity of herbivory did not return signiﬁ-
cant leaf damage differences on maple seedlings
between forest types, nor were any pathogens
visually detected on the leaves.
Using redundancy analysis, and after remov-
ing collinearities between variables, it was found
that the most robust model explaining variation
in foliar nutrients was composed of forest ﬂoor
pH and VWC. This model explained as much as
52% of the variation in foliar nutrients of maple
seedlings (P < 0.001, n = 100). This is a more
robust model than expected considering that
Fig. 2. Levels of phenolic compounds measured
under the forest ﬂoor of the various forest types stud-
ied as recorded by the resin bags. Gray bars indicate
conifer-dominated stands. Means are presented with
standard errors. Different letters indicate a statistically
signiﬁcant difference at P < 0.05. SMBi is maple–birch
stands, MH is mixed hardwood–conifer stands with
dominance of hardwoods, MC is mixed hardwood–
conifer stands with dominance of conifers, C is conifer-
dominated stands, and nr is no maple regeneration.
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maple seedlings originated from a natural system
with uncontrolled growing conditions, hence
increasing variability and uncertainty toward
explaining factors. Variation partitioning was
also conducted to quantify the respective contri-
bution of each environmental variables selected
in the model. Forest ﬂoor pH explained 39% of
the total variation in foliar nutrients, and soil
VWC explained 13% of the total variation.
DISCUSSION
Survival and growth of planted seedlings
On the one hand, the results of the survival
experiment did not support our hypothesis that
maple seedlings planted in the natural soil are
negatively impacted by lower soil quality under
conifer stands, nor that seedlings planted in pots
with enriched soil would have similar survival
Fig. 3. Relationships between pH and (A) Ca levels, (B) P levels, and (C) molar Ca/P ratios in the 0.1 mol/L
HCl B horizon leachates of the various forest types studied. Means are presented with standard errors. SMBi is
maple–birch stands, MH is mixed hardwood–conifer stands with dominance of hardwoods, MC is mixed
hardwood–conifer stands with dominance of conifers, C is conifer-dominated stands, and nr is no maple
regeneration. Statistical signiﬁcance is designated as (P < 0.05).
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rates between forest types (Table 5). In fact, lower
survival was found for seedlings planted in both
the natural soil and pots with enriched soil under
maple–birch stands. The result of the regression
tree analysis suggesting that a combination of
higher soil solution N activity and soil tempera-
ture leads to a higher mortality in maple–birch
stands is odd (Appendix S1: Fig. S1) and rather
suggests that other environmental co-variables
are likely responsible for the observed mortality.
Preferential insect browsing, herbivory, or leaf
pathogens are also not likely explaining survival
differences as we observed no difference in these
variables between forest types. Instead, the light
environment is one factor that better explains the
lower survival, as light availability tended to be
lower under maple–birch stands compared to the
other forest types, but the lower number of repli-
cations for this speciﬁc variable (i.e., three mea-
surements per plot instead of ﬁve for other
variables) likely prevented the detection of a sig-
niﬁcant difference (Table 2). Similarly, the growth
rates of seedlings planted under maple–birch
stands (both planting conditions) tended to be
lower than under any other forest types, despite
having the better soil conditions (less acidic soils
and better availability of nutrients in the soil solu-
tion; Tables 3, 4), hence placing more emphasis
on the impact of light availability on seedling per-
formance under maple–birch stands. In addition,
seedlings were grown in nursery for 2 yr under
optimal nutrient availability prior to being
planted. Over 1.5 yr of experimenting, it is possi-
ble that nutrient reserves were sufﬁcient for the
survival rates of seedlings planted in the natural
soil, under lower soil quality, to be similar to
those planted in pots with enriched soil (Oliet
et al. 2013). The outcome could have been differ-
ent if seedlings originating from seeds with a
local chemical signature were tested. On the
other hand, higher height growth of maple seed-
lings planted in pots with enriched soil compared
to those planted in the natural soil (Table 5) con-
ﬁrms that mixing the local mineral soil with a
premium potting mix containing peat, perlite,
limestone, and vesicular–arbuscular mycorrhizae
Table 5. Survival rates and relative height growth of the sugar maple seedlings planted in the natural soil and
pots with enriched soil under the various forest types studied as measured at the end of the trial (456 d).
Forest type
n Survival rate (%) Height growth (%)
Soil Pot Soil Pot Soil Pot
SMBi 7 3 35 (10.9) ab 25 (13.1) b 19.9 (2.4) 36.8 (17.5)
MH 20 8 100 a 66.7 (14.2) a 22.5 (3.4) 44.5 (12.2)
MC 20 11 100 a 91.7 (8.3) a 20.4 (2.5) 47.2 (12.6)
C 11 7 55 (11.4) ab 58.3 (14.9) ab 20.7 (2.2) 37.1 (8.9)
C-nr 9 5 45 (13.3) ab 41.7 (17.6) ab 23.7 (4.0) 44.7 (13.7)
Planting comparison
P-value 0.371 <0.001
Notes: Means are presented with standard errors when available. Different letters indicate a statistically signiﬁcant differ-
ence at P < 0.05. Relative height growth is given as a percentage (%) of pre-planting height. SMBi is maple–birch stands, MH is
mixed hardwood–conifer stands with dominance of hardwoods, MC is mixed hardwood–conifer stands with dominance of
conifers, C is conifer-dominated stands, and nr is no maple regeneration.
Table 6. Foliar nutrient levels of sugar maple seedlings in the various forest types studied.
Forest type
Foliar nutrients (mg/g)
C N P K Ca Mg
SMBi 468 (4.58) 18.54 (1.20) ab 1.14 (0.08) b 5.87 (0.66) 8.89 (0.46) a 2.05 (0.26) a
MH 467 (3.35) 17.00 (0.91) b 1.08 (0.05) b 6.55 (0.67) 8.44 (0.72) ab 1.86 (0.20) ab
MC 466 (5.59) 19.03 (1.28) a 1.29 (0.08) a 6.62 (1.11) 9.11 (0.79) a 2.08 (0.24) a
C 470 (5.06) 18.96 (1.43) ab 1.09 (0.07) b 6.45 (0.65) 7.86 (0.75) b 1.67 (0.21) b
Notes: Means are presented with standard errors. Different letters indicate a statistically signiﬁcant difference at P < 0.05.
SMBi is maple–birch stands, MH is mixed hardwood–conifer stands with dominance of hardwoods, MC is mixed hardwood–
conifer stands with dominance of conifers, and C is conifer-dominated stands.
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in combination with fertilization provided nutri-
ents for a more optimal growth than the natural
soil under all forest types, indicating that the soil,
along with light availability, is also a factor limit-
ing growth at the site. Base cation fertilization in
St. Hippolyte was shown to improve foliar Ca,
Mg, and K nutrition of maple in the short term
(Fyles et al. 1994). Many other studies have
shown that various forms of fertilization, for
example, liming, generally enhance maple health
in acidiﬁed ecosystems (Moore and Ouimet 2006,
Schaberg et al. 2006, Moore et al. 2014).
Regeneration and foliar nutrition of natural
seedlings
Foliar chemical analysis of natural maple
seedlings supported our hypothesis that these
seedlings have decreased foliar nutrition under
coniferous stands compared to hardwoods (no-
tably Ca and Mg levels; Table 6). In addition, and
contrary to planted seedlings, soil physicochemi-
cal analysis and foliar nutrient levels of natural
maple seedlings supported that the absence of
regeneration under some conifer-dominated
stands is related to speciﬁc soil physicochemical
properties (e.g., pH, water content, temperature;
Table 3) and low soil nutrient availability (Table 4)
that impede maple regeneration and early seed-
ling growth. Three explanations are provided
here. First, conifer-dominated stands with no
maple regeneration were found to be dominated
by eastern hemlock compared to other conifer-
dominated stands (Table 1). Eastern hemlock is a
species known to exclude maple by adversely
inﬂuencing maple germination and seedling
regeneration due to unsuitable forest ﬂoor condi-
tions (Frelich et al. 1993). The presence of hemlock
in some stands in St. Hippolyte may have favored
the creation of speciﬁc conditions in the forest
ﬂoor that are not optimal for regeneration success
of maple. The thick, acidic, and drier forest ﬂoor
under the conifer-dominated stands also showed
lower soil nutrient availability (including N, Ca,
and Mg) than forest ﬂoors produced by other for-
est types (Tables 3, 4). Immobilization of nutrients
is typical of recalcitrant forest ﬂoors produced
mainly from coniferous litters (Augusto et al.
2000). In St. Hippolyte, this led mainly to lower
foliar Ca and Mg levels of maple seedlings, sug-
gesting that ﬁtness has been negatively impacted
by conifer dominance (Table 6). Maple is known
to be very sensitive to Ca and Mg availability for
its survival and growth (Houle et al. 2007, St.
Clair et al. 2008, Long et al. 2009). Declining
maple stands were generally related to low foliar
Ca, Mg, and K levels (Co^te and Camire 1995, Oui-
met et al. 2006, Duchesne and Ouimet 2009), and
thus, as indicated above, maple health is generally
improved by liming. In St. Hippolyte, Collin et al.
(2016) showed a similar foliar imbalance caused
by a decrease in foliar Ca and Mg levels with the
increasing presence of conifers and soil acidity.
Also, while pH of the mineral soil was relatively
similar between forest types, conifer-dominated
stands without maple regeneration distinguished
themselves by having a signiﬁcantly more acidic
mineral soil (Table 3).
Second, soils under conifer-dominated stands
without maple regeneration had higher levels of
phenolic compounds (Fig. 2). The higher levels
of phenols appear to be more easily detected in
poor soils where slow organic matter decomposi-
tion is accompanied by the characteristic produc-
tion of phenolic compounds which can inhibit
nitriﬁcation and thus effectively decrease nutri-
ent availability (H€attenschwiler and Vitousek
2000, DeLuca et al. 2002). Hence, greater soil
acidity budgets in forests are likely associated with
a greater production of phenols (Blum 2006). Also,
it was demonstrated that high levels of phenols
can effectively repress maple seed germination and
seedling development (Hane et al. 2003). A similar
process under conifer stands may be exacerbating
maple regeneration in St. Hippolyte. However,
because the direct effects of phenols on maple sur-
vival were not isolated in our experiment, great
care needs to be taken to infer causation.
Third, the absence of maple regeneration
under some conifer-dominated stands could be
explained by additional factors related to soil
microclimate and tree density. To germinate,
maple seeds require moist stratiﬁcation at tem-
peratures slightly above freezing and below 10°C
for 35–90 d (Yawney and Carl 1968, Godman
et al. 1990). Therefore, lower mean annual soil
temperature and VWC during the growing sea-
son under conifer-dominated stands (Table 2) is
not uncommon (e.g., greater interception of light
[Penn et al. 2012] and of rainfall [Carleton and
Kavanagh 1990, Lovett et al. 1996, Barbier et al.
2009] by the persistent and dense conifer cano-
pies). This has the potential to further
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(negatively) affect maple seed germination and
seedling survival at early stages of growth. Seed-
lings are likely more sensitive to temperature
and drought than adult plants because they have
smaller and shallower root systems that cannot
as easily avoid high soil surface temperatures
during hot summer days and water stress by
accessing deeper soil water reserves (Niinemets
2010, Fisichelli et al. 2014). Maple seedlings are
particularly susceptible to water stress (Hett
1971, Godman et al. 1990). Moreover, conifer-
dominated stands have higher basal area
(Table 1). This may reﬂect a higher competition
for soil resources. However, we can also consider
that for those stands, only very few maple trees
were present in the surroundings, thus highly
reducing seed availability for colonization.
Differences in soil mineral weathering
Considering the relatively homogeneous par-
ent material in St. Hippolyte in terms of bulk
chemical composition and mineralogy at the time
it was deposited by the continental ice sheets
(Belanger et al. 2002, 2012) and similar soil tex-
tures (Table 3), the results from the sequential
leaching of the B horizon samples suggest that
the most easily weathered minerals have been
leached from the soil at a faster rate under stands
with the presence of conifers, that is, mixed hard-
wood–conifer and conifer-dominated stands,
compared to hardwood-dominated stands. This
is indicated by lower levels of structural Ca and
P in minerals as simulated by HCl leaches of
mixed hardwood–conifer and conifer-dominated
stands mineral soils, which is related to greater
forest ﬂoor acidity (Fig. 3A, B). Considering pre-
vious work on soil mineralogy in St. Hippolyte
(Belanger et al. 2012), the results can be inter-
preted by a lower abundance of calcite, apatite,
and epidote in the soils of the mixed hardwood–
conifer and conifer-dominated stands because of
the acidity that they have produced from their
litters and other sources (Finzi et al. 1998,
Augusto et al. 2000), thus augmenting dissolu-
tion rates. Weathering rates were suggested to
increase under conifer species such as pines,
spruces, and ﬁrs because of their capacity to acid-
ify soils (see review by Augusto et al. [2000]). In
the long term, higher dissolution rates of easily
weathered minerals and greater depletion of soil
non-exchangeable base cation reserves under
conifer-dominated stands in St. Hippolyte
appear to have led to lower foliar Ca and Mg
levels of maple seedlings (Table 6). The lower Ca
and Mg levels seem to apply to the overall
system of conifer-dominated stands as soil solu-
tion Ca and Mg activities are also low under this
forest type (Table 4).
Mixed hardwood–conifer stands dominated by
conifers generally showed the highest foliar P
levels among the forest types studied (Table 6).
This result was surprising, given that soil solution
activities of most nutrient ions tended to be among
the lowest of all the forest types studied (Table 4).
The fact that molar Ca/P ratios of the HCl leaches
under all forest types were above 4 (Fig. 3C) sug-
gests that Ca-rich minerals such as epidote and
perhaps calcite (aluminum–iron sorosilicate and
calcium carbonate minerals, respectively) are con-
tributing more Ca and less P compared to apatite
(pure apatite [CaPO4] has a stoichiometry ﬁxed at
a molar Ca/P ratio of 1.66) into the leachates
(Belanger et al. 2012). The Ca/P ratios of the HCl
leaches are also generally similar between forest
types, which suggest that the minerals have been
congruently leached, despite variations in conifer
abundance (Fig. 3C). Hence, weathering appears
to have occurred at a faster rate where conifers
were present, but they did not trigger a preferen-
tial dissolution of these easily weathered minerals.
The mixed hardwood–conifer stands domi-
nated by conifers, however, may be one exception
to that rule. The higher molar Ca/P ratios of the
HCl leaches under this forest type (mean of 11
with a large standard error) could indicate a
greater depletion of apatite over epidote and
calcite in the long term. Using Sr isotope ratios,
balsam ﬁr and red spruce are the ectomycorrhizal
tree species that were shown to largely utilize
apatite-derived Ca (Blum et al. 2002). It was sug-
gested that ectomycorrhizal fungi produce low
molecular weight organic acids that dissolve apa-
tite. In turn, associated roots directly absorb the
ions from the crystal lattice of the mineral, thus
bypassing the soil solution and exchangeable soil
pool. Similarly, bacteria isolated from ectomycor-
rhizal mycelium of white spruce were recently
shown to play an important role on P nutrition by
efﬁciently dissolving apatite (Fontaine et al.
2016). Finally, Pinus spp. are also known to have
ectomycorrhizal associations with roots that accel-
erate weathering of minerals and podzolic soil
 ❖ www.esajournals.org 13 January 2018 ❖ Volume 9(1) ❖ Article e02022
COLLIN ET AL.
formation (Van Breemen et al. 2000, Hofﬂand
et al. 2004). On the one hand, the conifers in the
mixed hardwood–conifer stands dominated by
conifers are mostly ectomycorrhizal species, that
is, balsam ﬁr, spruces, and eastern white pine
(Table 1; Frank 1990, Wendel and Smith 1990). On
the other hand, the conifer-dominated stands have
a large proportion of white cedar and eastern
hemlock. White cedar is an arbuscular mycor-
rhizal species, whereas eastern hemlock is both an
arbuscular and ectomycorrhizal species (Godman
and Lancaster 1990, Johnston 1990). While recent
evidence suggests that arbuscular mycorrhizal
fungi can also dissolve minerals (Arocena et al.
2012, Koele et al. 2014), they facilitate slower
weathering rates than ectomycorrhizal fungi
(Quirk et al. 2012). It is therefore possible that the
ectomycorrhizal associations with conifer roots
under mixed hardwood–conifer stands dominated
by conifers degrade the most easily weathered
minerals, notably apatite, at a faster rate and to
speciﬁc levels that favor P nutrition of maple seed-
lings and perhaps Ca and Mg nutrition as well (as
shown by relatively high foliar levels compared to
other forest types; Table 6). Since there was low
activity of most nutrient ions in the soil solution
under hardwood–conifer stands dominated by
conifers, including PO4, Ca, and Mg, we speculate
that arbuscular mycorrhizal fungi and perhaps
other soil organisms, for example, saprotrophic
fungi and rhizosphere bacteria (Clark and Zeto
2000, Koele et al. 2014), have direct access to P, Ca,
and Mg ions from the degraded minerals, thus
helping to satisfy at least part of the nutritional
needs of maple seedlings under that forest type.
Candidate minerals other than apatite (P, Ca) for
such a mechanism of direct maple seedling nutri-
tion in St. Hippolyte are epidote (Ca) and horn-
blende (Mg) (Belanger et al. 2012). As a whole, the
conifer tree species that co-exist with maple may
therefore be important for determining survival
and ﬁtness of maple seedlings establishing in the
boreal forest under climate change.
CONCLUSION
Results from this study indicate that foliar
nutrition and regeneration of maple seedlings
are strongly inﬂuenced by tree species composi-
tion. The results support the idea that coniferous
species have a negative effect on foliar nutrition
of maple seedlings. This effect is governed by the
recalcitrant (thick), acidic, and drier forest ﬂoor
under conifer-dominated stands with low nutri-
ent availability, which leads to poor foliar Ca and
Mg nutrition. Calcium and Mg are important for
the health and vigor of maples in eastern North
America. Although soil quality was lower in con-
ifer stands compared to hardwoods, the survival
and growth of the seedlings planted in the natu-
ral soil did not differ between forest types. This
could be the consequence of a nutrient buildup
in the development of the seedlings at the nurs-
ery. However, the results of foliar nutrition and
soil conditions suggest that the absence of regen-
eration under some conifer-dominated stands in
St. Hippolyte could be related to the long-term
acidiﬁcation of the mineral soil, low soil tempera-
ture and moisture, and high soil phenol levels.
Such conditions are associated with hemlock
dominance in the canopy. The data also suggest
an accelerated dissolution of easily weathered
minerals (i.e., calcite, apatite, and epidote) under
these speciﬁc conifer-dominated stands. This
suggests that depending on soil properties,
maple seedling foliar nutrition and regeneration
as well as its potential to establish northward in
the boreal forest may be dependent on the conif-
erous tree species present in the resident forest.
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